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^ Radiation- induced  currents  in  pyrolytic  AI2O3  films  have  been 
measured  using  strongly  absorbed  vacuum  UV  radiation.  These  currents 
show  a behavior  similar  to  that  observed  in  Si02  films;  namely,  there 
is  a photocurrent  component  and  a dark-current  component  which  result 
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electrons  from  the  silicon  electrode.  The  radiation-induced  electron 
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I,  INTRODUCTION 


Tht;  electronic  ;>rocesses  in  MOS  gate  insulators  have  recently  been  the 
subject  of  considerable  researcti  effort  [1-7).  To  a large  extent  such  effort 
has  been  directed  toward  understanding  the  mechanisms  of  radiation- induced 
space  ctiarge  accumulation.  Studies  [b,7]  of  Si02-M0S  structures  with  bandgap 
light  have  revealed  new  information  regarding  the  electronic  processes  in  SiO^. 
In  particular,  it  has  been  shown  that  under  positive  gate  bias  holes  transport 
to  the  vicinity  of  the  Si-Si02  interface,  where  a significant  number  become 
trapped.  The  trapped  charge  enhances  the  interface  field,  resulting  in  elec- 
tron tunneling  currents  that  can  be  much  larger  than  the  photocurrents.  These 
experiments  have  been  extended  to  Al20^  in  an  effort  to  provide  further  under- 
standing of  the  electronic  processes  involved  in  this  material.  In  this  report 
we  describe  the  results  and  give  an  interpretation  of  vacuum  UV  experiments 
on  pyrolytic  A1„0_  gate  insulators. 


1.  J.  F.  Verwey,  J.  Appl.  Phys.  2273  (1972),  and  Appl.  Phys.  Letters  21, 
417  (1972). 

2.  E.  Harari  and  B.  S.  H.  Royce,  IEEE  Trans.  Nuclear  Science  NS-20,  280  (1973) 

3.  R.  J.  Powell  and  G.  W.  Hughes,  IEEE  Trans.  Nuclear  Science  NS-21,  179 

(1974). 

4.  0.  L.  Curtis,  J.  R.  Srour,  and  K.  Y.  Chin,  J.  Appl.  Phys.  4506  (1974). 

5.  R.  C.  Hughes,  J,  Chem.  Phys.  5442  (1971),  and  Phys.  Rev.  Letters  30, 

1333  (1973). 

6.  R.  J.  Powell  and  G.  F.  Derbenwick,  IEEE  Trans.  Nuclear  Science  NS-18,  99 
(1971). 

7.  R.  J.  Powell,  Paper  ((/R  9526)  to  be  published  in  J.  Appl.  Phys.,  October 
1975. 


II.  EXPERIMENTAL  DETAILS 


The  samples  used  in  the  experiments  described  in  this  report  were  pre- 
pared by  pyrolytic  deposition  of  Al20^  at  975‘’C  on  10  fi-cm  n-type  <100> 
silicon.  Semitransparent  aluminum-gate  electrodes,  1 mm  in  diameter,  were 
evaporated  to  produce  a sheet  resistance  of  about  20  per  square.  Since  the 
absorption  depth  in  for  10.2-eV  light  is  approximately  150  X [8],  an 

AI2O2  thickness  of  2000  X was  used  to  prevent  light  from  reaching  the  Si-Al20 
interface.  This  precaution  was  taken  to  prevent  any  contribution  to  measured 
photocurrents  by  electron  photoinjection  from  the  silicon  into  the  AI2O2. 

The  apparatus  used  in  these  experiments  is  illustrated  schematically  in 
Fig.  1.  The  sample  is  enclosed  in  a small  vacuum  chamber  coupled  directly  to 
a vacuum  monochromator.  Light  from  the  monochromator  is  directed  onto  the 


Figure  1.  Experimental  apparatus  used  for  radiation- 
induced  current  measurements. 


8. 


E.  T.  Arakawa  and  M.  W.  Williams,  J.  Phys.  Chem.  Solids  735  (1968). 


semitransparent  gate  electrode  of  the  IlOS  sample  through  a collector-aperture, 
which  functions  to  confine  the  light  to  the  gate  electrode  and  to  measure  the 
magnitude  of  emission  into  vacuum  from  the  electrode.  Two  electrometers  were 
used  to  monitor  both  the  gate  current,  I , and  the  substrate  current,  1 . 

The  effect  of  emission  current  was  assessed  by  grounding  the  positive 
battery  terminal  to  the  chamber  wall  and  observing  the  difference  between  I 

0 

and  Ig  as  the  collector  voltage  was  varied  from  -2  kV  to  +2  kV.  With  = 2 kV, 

I-  was  slightly  less  (about  15%)  than  I„  owing  to  the  electron  emission  from 
O b 

the  gate.  With  V = -2  kV,  I and  I measured  alike.  The  emission  current 

C b 

was  measured  in  the  collector  lead  and  found  to  be  less  than  15%  of  the  sample 

photocurrents.  A complete  experiment  was  done  with  the  connections  as  shown 

in  Fig.  1 and  repeated  with  the  positive  battery  terminal  grounded  to  the 

chamber  and  with  V = -1  kV.  No  differences  could  be  observed.  With  the  con- 
c 

nections  shown,  any  contribution  to  I_  and  I from  vacuum  photoemission  re- 

0 b 

quires  that  an  electron  be  emitted  from  the  substrate  and  find  its  way  to  the 
positively  biased  gate.  The  likelihood  of  either  process  occurring  is  ex- 
tremely remote.  The  precautions  described  above  were  taken  to  ensure  that 
the  measured  photocurrent  results  from  transport  through  the  oxide  film. 

From  the  bias  polarity  shown  in  Fig.  1,  it  is  concluded  that  the  measured 
photocurrent  results  from  electron-hole  pairs  generated  in  the  absorbing  region 
in  the  Al^O^  near  the  gate  electrode.  The  absolute  light  intensity  incident 
on  the  electrode  area  was  measured  by  shining  the  beam  through  the  electrode 

■k 

evaporation  mask  onto  a calibrated  cesium-telluride  photodiode.  The  fraction 
of  incident  intensity  absorbed  in  the  Al20^  film  was  calculated  from  the  stand- 
ard equations  for  an  absorbing  film  on  an  absorbing  substrate  [9],  using  the 
optical  constants  of  AI2OJ  [8]  and  aluminum  at  10.2  eV. 


9.  G.  Hass  and  L.  Hadley,  in  Ameriaan  Institute  of  Physios  Handbook,  Second 
Edition  (McGraw-Hill  Book  Co.,  New  York,  1963),  pp.  6-104,-105. 

*The  photodiode  was  calibrated  by  comparison  with  a secondary  standard  trace- 
able to  NBS. 

**J.  G.  Endriz,  RCA  Laboratories,  Princeton,  NJ,  private  communication. 
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III.  EXPERIMENTAL  OBSERVATIONS  AND  INTERPRETATION 


A.  THE  TI:E  DEPENDENCE  OF  RADIATION- INDUCED  CURRENTS 


Using  the  apparatus  described  in  Fig.  1,  we  measured  the  time  and  gate 
voltage  dependence  of  currents  flowing  through  the  aluminum  oxide  structure. 
The  results  are  summarized  in  Fig.  2,  which  illustrates  the  time  dependence  of 
current  for  different  applied  voltages  witli  positive  gate  bias.  The  first 
observation  to  be  made  is  that  the  initial  current,  i.e.,  the  current  wh’ ch 
flows  when  the  radiation  is  first  initiated,  varies  significantly  with  the 
applied  field,  but  that  even  fo’  the  field  of  3 I-lV/cra  the  current  is  far  below 
the  line  marked  100%  Q.E.  in  the  illustration.  The  100%  quantum  efficiency 


(3  MV/cm) 


(2  MV/cm) 


(1  MV/cm) 


Time  dependence  of  current  during  irradiation  of 
a 2000-A  AI2O3  film  with  different  applied  fields 
under  positive  gate  bias.  The  photon  energy  was 
10.2  eV,  and  the  photon  flux  was  approximately 
5 X 10^^  cm~l  s~l. 


Figure  2 


(Q.E.)  line  cor n sponds  to  the  current  one  would  measure  if  there  were  a genera- 
tion of  one  electron-hole  pair  per  photon  absorbed  in  the  Al^O,^  and  it  the 
total  charge  transported  across  the  oxide  were  one  electronic  charge  per  ab- 
sorbed photon.  The  fact  tliat  this  photocurrent  is  less  than  the  lOOX  Q.E. 
line  indicates  that  either  the  net  generation  of  electron-hole  pairs  is  signif- 
icantly less  than  unity  or  the  charge  transported  per  absorbed  plioton  is  less 
than  one  electronic  charge.  This  is  discussed  in  more  detail  below. 

The  major  features  of  the  current  vs  time  curves  shown  in  Fig.  2 are  quite 
similar  to  those  that  have  been  observed  and  reported  for  silicon  dioxide  [7J. 
For  small  applied  fields  the  current  is  initially  almost  constant,  with  some 
minor  variations,  and  finally  begins  to  decay  with  time  at  a rather  steady 
rate.  This  decay  is  interpreted  to  be  due  to  the  trap[iing  of  some  holes  near 
the  gate  electrode,  resulting  in  a reduction  of  the  field  in  the  light-absorb- 
ing region,  as  previously  suggested  [7]  in  the  case  of  Si02.  When  the  gat«; 
voltage  is  increased  to  40  V,  which  corresponds  to  2 MV/cm  in  the  Al^O^  film, 
the  current  is  seen  to  increase  monotonically.  This  current  enhancement  phe- 
nomenon is  believed  to  be  due  to  the  tunneling  of  electrons  from  the  silicon 
into  the  Al^O^;  this  tunneling  results  from  the  increased  field  as  positive 
space  charge  accumulates  in  either  the  bulk  or  the  interfacial  region  near  the 
silicon.  Finally,  for  a gate  voltage  of  60  V,  which  corresponds  to  3-IiV/cm 
applied  field,  the  current  rises  very  rapidly  with  time,  owing  to  the  same 
mechanism.  In  this  case,  the  combination  of  the  trapped  positive  space  charge 
in  the  film  and  the  applied  field  of  3 .MV/cm  is  sufficient  to  produce  rather 
large  tunnel  injection  currents  that  result  in  the  rapidly  increasing  total 
current. 

The  interpretation  of  the  current  as  being  a combination  of  tunnel  injec- 
tion currents  from  the  silicon  electrode  and  the  photocurrent  generated  by  the 
vacuum  ultraviolet  light  may  be  supported  by  the  following  piece  of  evidence: 

If  the  incident  VUV  light  is  turned  off  after  a short  time,  the  current  drops 
immediately  to  zero,  corresponding  to  the  expected  behavior  of  a photocurrent. 
However,  if  after  sufficient  time  for  the  current  enhancement  effect  to  be 
observed  (e.g.,  10  s for  the  60-V  curve  in  Fig.  2),  the  light  is  turned  off, 
there  is  an  instantaneous  drop  in  the  current  approximately  equal  to  the  initial 
photocurrent;  this  is  followed  by  a slowly  decaying  dark  current.  A set  of 
typical  current  characteristics  as  a function  of  time,  with  interruption  of  the 
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Figure  3.  Time  dependence  of  current  between  initiation  and 
cessation  of  radiation.  Irradiation  started  at 
t = 0 for  each  sample.  Turn-off  is  indicated  by 
the  dashed  near-vertical  portion  of  each  curve. 


light,  is  depicted  in  Fig.  3.  In  each  case  the  light  is  turned  on  at  t = 0. 

The  light  remains  on  as  the  current  begins  to  rise  due  to  the  enhancement  effect 
and  then  is  turned  off  at  a different  time  for  each  curve.  The  abrupt  drop  in 
the  current  corresponds  to  the  cessation  of  the  VUV  light.  The  variations  in 
the  initial  currents  and  also  in  the  rates  of  current  increase  among  the  dif- 
ferent curves  shown  occur  because  each  curve  corresponds  to  a different  HOS  de- 
vice on  the  same  wafer,  and  these  differences  are  believed  to  be  due  to  sample 
variations.  The  important  observation  to  be  made  regarding  these  curves  is 
that  the  current  enhancement  effect  begins  immediately,  and  that,  upon  cessa- 
tion of  the  light,  the  Instantaneous  drop  in  current  is  caused  by  the  elimina- 
tion of  the  photocurrent  that  has  been  flowing.  The  remaining  current  is  that 
due  to  electron  injection  from  the  silicon  electrode.  It  is  noted  that,  in 
every  case,  termination  of  the  light  results  in  an  instantaneous  drop  in  the 
current  by  an  amount  approximately  equal  to  the  initial  photocurrent,  followed 
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by  the  long,  slow  decay  of  the  dark  current.  Furthermore,  the  enhancement,  of  the 
current  is  approximately  equal  to  the  magnitude  of  the  current  remaining  when 
the  light  is  turned  off.  This  is  further  evidence  that  this  is  injection  cur- 
rent which  results  from  the  combination  of  the  applied  field  and  the  field 
produced  by  radiation-induced  trapped  positive  charge  in  the  oxide. 


B.  A QUALITATIVE  MODEL 


The  time  dependence  of  currents  in  Figs.  2 and  3 may  be  explained  qualita- 
tively with  the  aid  of  the  potential  energy  diagrams  shown  in  Fig.  4.  Let  us 
consider  first  the  case  of  small  applied  fields,  i.e.,  a gate  voltage  of  20  V. 
Figure  4(a)  shows  the  energy  band  diagram  of  the  Si— AI2O2— A1  structure  before 


INITIAL 


BIAS  AFTER  AFTER 

APPLICATION  IRRADIATION  IRRADIATION 

Vg=20V  (MOBILE  HOLES)  (IMMOBILE  HOLES) 


Figure  4.  Energy  band  diagrams  of  an  AI2O3  MOS  structure 
Illustrating  shapes  and  electronic  processes 
for  an  applied  field  less  than  the  injection 
threshold . 


the  application  of  gate  bias.  After  bias  application,  the  bands  will  appear 
as  shown  in  Fig.  4(b).  It  is  well  known  that  for  applied  fields  of  approxi- 
mately 1.5  MV/cm,  electron  tunnel  injection  and  trapping  in  pyrolitic  Al20^  is 
observed  [2,3].  Since  the  applied  gate  voltage  of  20  V corresponds  to  a field 
less  than  this  threshold,  no  significant  electron  injection  will  be  observed, 
and  the  bands  will  appear  as  in  Fig.  4(b).  When  radiation  is  initiated,  elec- 
tron-hole pairs  are  created  in  the  Al20^;  this  results  in  the  accumulation  of 
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positive  charge  trapped  In  the  oxide.  It  Is  not  known  whether  holes  are  mobile 
or  immobile  In  Al^O^.  Therefore,  we  have  shown  two  possible  cases  In  Figs.  4(c) 
and  4(d),  corresponding  to  mobile  and  immobile  holes.  In  either  case,  there  is 
an  accumulation  of  positive  space  charge  in  the  oxide,  which  eventually  will 
Increase  the  field  near  the  silicon  electrode  until  electron  injection  begins. 
This  electron  injection  by  either  direct  tunneling  or  tunneling  into  the  con- 
duction band  will  begin  to  annihilate  trapped  holes.  Eventually,  an  equilibrium 
will  be  reached  when  a detailed  balance  occurs  between  the  number  of  injected 
electrons  that  annihilate  holes  and  the  number  of  holes  that  are  generated  by 
the  vacuum  ultraviolet  radiation.  Because  of  the  very  strong  exponential  de- 
pendence of  the  tunnel-injection  mechanism  on  the  applied  field  [31,  the 
equilibrium  in  this  case  will  be  reached  with  the  interface  field  approximately 
equal  to  the  field  at  which  significant  injection  begins  ('^l.S  to  1.8  MV/cm). 
This  may  be  verified  experimentally  by  observ..ng  the  C-V  characteristics  before 
and  after  irradiation,  as  shown  in  Fig.  5.  Note  that  as  expected  the  initial 
and  after-bias  application  C-V  curves  are  identical,  since  the  bias  application 
does  not  produce  the  Injection  of  electrons  by  the  high-field  injection  mech- 
anism. The  post-irradiation  C-V  curve,  however,  shows  a negative  flatband 
shift  of  approximately  12.5  V.  Since  the  flatband  voltage  shift  of  an  MOS 
capacitor  is  a measure  of  the  electric  field  at  the  Si-Al^O^  interface  when 
the  applied  field  is  zero,  the  interface  field  during  irradiation  can  be  esti- 
mated from 

U(0)1  = l(Vg  - AVpg)/d|  (1) 

where  C(0)  is  the  interface  electric  field,  V is  the  applied  gate  voltage, 

VJ 

AV  is  the  flatband  voltage  shift,  and  d is  the  oxide  thickness.  In  this 
r o 

work  the  magnitude  of  AV  was  measured  immediately  following  radiation  using 

f D 

the  C-V  technique.  In  A1„0_,  AV„„  tends  to  shift  slowly  in  the  positive  direc- 

tlon  upon  cessation  of  the  radiation.  Hence,  the  field  will  be  underestimated 

by  using  the  measured  AV  in  Eq.  (1).  Nevertheless,  if  one  calculates  the 

r o 

magnitude  of  the  interface  field  for  the  case  shown  in  Fig.  5,  using  the  ob- 
served AV  of  12.5  V and  the  gate  voltage  of  20  V,  he  calculates  an  interface 
ri> 

field  of  1.6  MV/cm.  This  interface  field  is  quite  close  to  the  value  for  which 
it  is  typically  observed  that  large  electron  injection  effects  occur  [3]. 
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Vg( VOLTS) 

Figure  5.  Capacitance-voltage  curves  of  an  AI2O3  MOS  device 
before  and  after  20-V  bias  application,  and 
following  irradiation  with  Vg  = +20  V.  The  small 
kink  in  the  post-irradiation  curve  near  Vq  = 8 V 
is  due  to  the  small  region  of  the  electrode  which 
was  covered  by  the  probe  and  therefore  shielded 
from  VUV  exposure. 

In  Figs.  4(c)  and  4(d)  we  show  the  equilibrium  situation  during  irradia- 
tion for  the  two  cases.  In  Fig.  4(c)  we  have  the  case  for  mobile  holes  in 
which  the  electron-hole  pairs  are  generated  near  the  outer  extremities  of  the 
oxide,  the  electrons  are  swept  out  to  the  gate  electrode,  and  the  holes  trans- 
port and  trap  somewhere  in  the  vicinity  of  the  silicon  interface.  In  this  case 


equilibrium  is  readied  when  a im.iber  of  the  injected  electrons  just  annihilates 
the  number  of  holes  being  generated  and  trapped.  Thus,  a detailed  balance  is 
reached  between  electron-hole  pair  separation  and  annihilation  by  the  Incoming 
electron  flux.  In  Fig.  4(d),  we  show  the  situation  that  prevails  during  equi- 
librium, wlien  holes  are  immobile.  In  this  case,  the  electrons  are  swept  out  to 
the  gate  electrode  as  before,  but  the  holes  are  trapped  essentially  where 
generated.  In  this  case,  space  charge  accumulation  would  have  to  be  signif- 
icantly greater  to  produce  electron  injection  because  of  the  imaging  of  that 
space  charge  in  the  metal  electrode.  However,  if  the  space  charge  accumulation 
is  sufficient,  the  high  field  injection  of  electrons  will  still  occur  as  in- 
dicated in  the  illustration.  Now,  equilibrium  will  again  be  reached  when  the 
number  of  holes  generated  equals  the  number  annihilated  by  the  incoming  elec- 
tron flux.  The  only  difference  between  this  situation  and  that  shown  in 
Fig.  4(c)  is  that  in  one  case  holes  are  assumed  to  transport  and  in  the  other 
case  they  are  assumed  completely  immobile.  Therefore,  the  trapped  space  charge 
in  the  two  situations  is  located  nearer  to  the  silicon  electrode  in  the  case  of 
transportable  holes  or  completely  in  the  absorbing  region  in  the  case  of  im- 
mobile holes.  It  should  be  noted  that  in  both  cases  the  band  picture  indicates 
a negative  flatband  shift;  that  is,  the  total  moment  of  the  positive  charge 
about  the  gate  electrode  is  greater  than  the  moment  of  the  negative  charge, 
providing  a net  accelerating  field  for  electrons  at  the  interface.  Re-examina- 
tion  of  the  curves  in  Fig.  2 shows  that,  for  V = 20  V,  the  current  is  still 
decaying  for  long  times.  This  suggests  that  perhaps  the  model  indicated  in 
Fig.  4(d)  is  more  appropriate;  this  model  predicts  that  the  current  will  decay 
with  time  as  the  space  charge  accumulates  in  the  absorbing  region.  In  this 
case,  equilibrium  will  be  reached  when  the  photocurrent  has  decayed  to  a rather 
small  value  and  the  number  of  holes  being  trapped  is  just  balanced  by  those 
being  annihilated  by  the  incoming  electron  flux.  Note  that  the  model  of 
Fig.  4(c)  would  not  predict  a decaying  photocurrent  since  there  is  little 
effect  on  the  field  in  the  absorbing  region  if  most  of  the  charge  is  trapped 
near  silicon  interface.  However,  it  is  too  early  to  tell  from  the  data  shown 
I'liich  model  is  more  applicable,  and  it  is  necessary  to  do  some  measurements  in 
which  the  actual  ac  photocurrent  is  measured  to  determine  how  the  photocurrent 
component  itself  varies  with  time. 
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Let  us  turn  our  attention  now  to  the  case  of  applied  gate  voltages,  wliich 
are  above  the  threshold  for  high-field  electron  injection.  These  cases  are 
illustrated  by  the  40-V  and  60-V  curves  in  Fig.  2,  in  wliich  it  is  seen  that 
the  current  increases  monotonically  with  time.  The  band  diagrams  Illustrating 
this  case  of  larger  applied  fields  are  given  in  Fig.  6.  Figure  6(a)  shows 
the  initial  band  diagram  of  the  Si-Al^O^-Al  structure.  Upon  application  of 
the  gate  bias,  the  interface  field  is  sufficient  to  produce  significant 
electron  tunneling  and  trapping,  as  illustrated  in  Fig.  6(b).  Some  electrons 
tunnel  into  traps  and  some  into  the  conduction  band  through  a trap-assisted 
tunneling  mechanism.  It  is  apparent,  therefore,  that  mere  application  of  the 
bias,  as  illustrated  in  Fig.  6(b),  will  result  in  a flatband  shift  in  the 
positive  direction  for  biases  of  this  magnitude.  Figures  7 and  8 show  the 
initial,  after-bias  C-V  curves  and  the  post-irradiation  C-V  curves  for  40-V 
and  60-V  gate  biases,  respectively.  It  is  observed  that  a positive  flatband 
shift  obtains  following  application  of  the  gate  bias  alone,  and  that  this 
flatband  shift  is  significantly  larger  with  60-V  bias  than  with  the  40-V  bias 
owing  to  Che  increased  tunneling  and  trapping  of  electrons  near  the  silicon 
electrode.  This  process  is  illustrated  in  Fig.  6(b).  Some  electrons  tunnel 
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Figure  6.  Energy  band  diagrams  of  an  AI2O3  MOS  structure 

illustrating  band  shapes  and  electronic  processes 
for  applied  fields  above  the  high-field  injection 
threshold. 
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Figure  7.  Capacitance-voltage  curves  of  an  AI2O3  MOS  structure 
before  and  after  40-V  bias  application  and  following 
irradiation  with  Vq  “ +^0  V. 
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Figure  8.  Capacitance-voltage  curves  of  an  AI2O3  MOS  structure 
before  and  after  60-V  bias  application  and  following 
irradiation  with  Vq  = +60  V. 
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Jiroctly  itico  traps  and  sorae  tunnel  into  the  conduction  band,  where  a fraction 
are  trapped.  A current  is  observed,  and  as  the  trapping  continues  the  current 
decays  to  a very  small  value.  At  this  time,  the  amount  of  space  charge  trapped 
near  the  silicon  electrode  is  sufficient  to  reduce  the  electric  field  at  the 
electrode  to  the  1.6-  to  1.8-MV  range,  i.e.,  to  the  threshold  for  high-field 
injection.  Of  course,  the  amount  of  space  charge  needed  to  accomplisli  this 
reduction  in  the  field  depends  on  tlie  applied  field;  therefore,  more  space 
charge  will  be  trapped  with  60  V applied  than  with  40  V;  hence,  the  differences 
in  flatband  shift. 

Let  us  now  consider  the  case  of  equilibrium  under  irradiation.  In  this 
case,  the  actual  interface  field  at  the  silicon  electrode  is  slightly  increased 
by  the  presence  of  some  positive  charge  trapped  in  the  insulator,  whether 
trapped  near  the  silicon  electrode  as  indicated  in  Fig.  6(c)  or  trapped  near 
the  gate  electrode  as  indicated  in  Fig.  6(d).  In  either  case,  this  results  in 
a reduction  of  the  positive  flatband  shift,  as  illustrated  in  Figs.  7 and  8. 

In  both  cases,  there  is  a reduction  in  the  positive  flatband  shift.  If  the 
model  shown  in  Fig.  6(d)  is  applicable,  one  might  expect  that  the  radiation- 
induced  shift  would  be  as  great  or  greater  than  that  observed  under  smaller 
applied  field  since  the  larger  applied  field  in  the  oxide  would  imply  less 
geminate  recombination  [5,7]  of  electron-hole  pairs.  Furthermore,  the  larger 
field  produces  a longer  Sahubweg  for  electrons  that  tunnel  into  the  conduction 
band,  and,  hence,  there  would  be  less  recombination  by  that  mechanism  as  well. 
The  fact  that  this  is  not  observed  would  suggest  that  the  model  of  Fig,  6(c) 
might  be  a more  appropriate  description.  In  this  model  the  small  radiation- 
induced  flatband  shift  with  large  fields  could  be  accounted  for  by  the  reduc- 
tion in  hole  trapping  due  to  the  increased  fields;  i.e.,  more  holes  transport 
to  and  reach  the  silicon. 

C.  COMPARISON  OF  PROCESSES  IN  Al^O^  and  SiO^ 

The  mechanism  of  current  injection  produced  by  radiation-induced  trapped 
holes  was  first  observed  [7]  in  SiO^.  A similar  mechanism  has  been  observed 
for  Al20^,  as  we  have  shown  in  Fig.  2;  however,  in  this  regard,  some  differ- 
ences between  Si02  and  Al20^  should  be  noted.  First,  in  Si02  high  field  elec- 
tron injection  requires  interface  fields  of  the  order  of  6 to  7 MV/cm,  the 
region  of  significant  Fowler-Nordheim  tunneling.  In  AI2O2  this  Injection  be- 
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>>ins  for  fields  of  tfic  order  of  1.5  ffV/cm.  In  addition,  the  number  of  electron 
traps  in  iiigh-qual ity  SiO^  films  typically  is  so  small  that  it  cannot  be 
measured.  In  contrast,  the  number  of  electron  traps  in  Al.,0,^  is  very  large; 

therefore,  the  injection  mechanism  in  A1,^0.^  is  self-quenching.  That  is,  the 
application  of  a high  field  results  in  electron  injection  and  trapping  until 
the  trapped  negative  cliarge  reduces  the  field  at  the  interface  to  quench  the 
electron  injection.  It  is  apparent  that  the  presence  of  this  injection  mech- 
anism and  the  presence  of  electron  as  well  as  hole  traps  makes  the  processes 
involved  in  tlie  radiation-induced  cliarging  in  Al20^  much  more  complex  than 
that  in  SiO.,.  Although  it  is  clear  that  the  processes  of  electron  and  hole 
trapping  are  competitive  in  the  resulting  flatband  shift  following  irradiation, 
it  is  not  clear  just  what  electronic  mechanisms  predominate.  While  we  have 
shown  two  rather  distinctly  different  models  in  Figs.  6(c)  and  6(d),  it  is 
also  quite  conceivable,  and  perhaps  more  reasonable,  that  an  intermediate 
case  actually  exists;  for  example,  one  in  which  hole  traps  exist  throughout 
the  oxide  and  holes  have  a finite  probability  of  transport.  In  such  a case, 
the  band  picture  would  be  intermediate  between  the  two  cases  illustrated. 

We  have  presented  arguments  which  favor  the  model  shown  in  Fig.  6(c);  however, 
this  model  would  predict  a constant  photocurrent  component  since  the  field 
in  the  absorbing  region  is  unaffected  by  the  trapped  charge.  In  fact,  obser- 
vation of  Fig.  3 shows  that  the  photocurrent  component  as  indicated  by  the 
dashed  lines  appears  to  decrease  with  time.  Comparison  of  the  initial  photo- 
current at  t = 0 and  a photocurrent  at  20  seconds  shows  this  effect. 


D.  THE  STEADY-STATE  PHOTOCURRENT 


Next,  we  consider  two  models  to  explain  the  steady-state  component  of 
photocurrent  in  Al20^  under  irradiation.  As  we  have  noted  previously,  photo- 
current components  of  the  currents  in  Fig.  2 are  much  smaller  than  the  maximum 
theoretical  value  that  would  obtain  if  each  absorbed  photon  produced  exactly 
one  electronic  charge  traversing  the  oxide,  i.e.,  the  100%  Q.E.  line  in  Fig.  2. 
There  are  at  least  two  possible  ways  in  which  this  reduced  effective  quantum 
efficiency  can  be  explained.  Let  us  consider  first  the  case  in  which  holes  are 
mobile;  a model  that  illustrates  the  electronic  processes  is  given  in  Fig.  9(a) 
Here  we  designate  the  electron-hole  pair  creation  by  process  a-b.  Following 
this  electron  excitation,  the  electron  is  swept  out  to  the  aluminum  electrode 
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Figure  9.  Illustration  of  two  possible  models  to  explain 

the  reduced  quantum  efficiency  for  photocurrents 
in  Al^O^  MOS  structures. 

as  denoted  by  process  a-c,  and  the  hole  is  swept  out  to  the  silicon  electrode, 
marked  process  b-e  or  process  b-d  followed  by  f-d,  in  which  a tunneling  elec- 
tron annihilates  the  trapped  hole.  The  electron  in  traveling  to  the  aluminum 
electrode  contributes  to  the  external  circuit  a fraction  of  an  electronic 
charge  given  by  the  distance  a-c  divided  by  the  oxide  thickness.  Similarly, 
the  hole  transporting  to  the  silicon  electrode  contributes  to  the  external  cir- 
cuit a fraction  of  an  electronic  charge  given  by  distance  b-e  divided  by  the 
oxide  thickness.  Clearly  then,  the  combination  of  the  electron  and  hole  trans- 
porting to  their  respective  electrodes  contributes  one  electronic  charge. 
Therefore,  we  have  one  electronic  charge  for  each  electron-hole  pair  separated 
in  this  fashion.  The  trapping  process  b-d  will  also  contribute,  for  practical 
purposes,  the  same  electronic  charge  transport  if  the  trapped  holes  are  near 
the  silicon  interface.  If  the  electronic  mechanism  described  by  this  model 
with  mobile  holes  is  to  explain  the  relatively  small  quantum  efficiency  for 
the  photocurrent,  there  must  be  active  some  other  mechanism  that  reduce  the 
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number  of  electron-hole  pairs  separated  per  incident  photon.  One  such  mechanism 
is  geminate  recombination.  This  is  the  Inverse  of  the  process  a-b , which  occurs 
when  the  electron  becomes  thermalized  while  still  within  the  sphere  of  Influence 
of  the  hole.  This  mechanism  has  been  suggested  as  an  explanation  for  the  cur- 
rent-field dependence  in  electronic  bombardment  experiments  [4]  in  SiO^  and  in 

• vacuum  ultraviolet  radiation  studies  [7]  of  SlO^.  The  coulomb  capture  radius 
(Onsager  radius)  for  Al20^  is  approximately  40  8,  the  phonon  scattering 
length  [10]  is  about  4 to  5 X,  and  the  optical  phonon  energy  [11]  is  about 
0.1  eV.  Hence,  a 1-eV  electron  would  have  to  suffer  approximately  ten  phonon 
collisions  to  thermalize.  Therefore,  assuming  isotropic  scattering,  it  is 
highly  probable  that  even  in  the  presence  of  a field  such  an  electron  might 
thermalize  within  40  X of  the  hole  and  thus  be  recaptured.  Another  possible 
explanation  for  the  reduced  electron-hole  pair  separation  in  Al^O^  is  the 
mechanism  of  either  defect  or  band-to-band  recombination  following  separation. 

In  this  process,  an  electron  separates  from  its  parent  hole  but  recombines  with 
another  further  downstream.  Since  AI2O2  is  known  to  have  a large  number  of 
both  hole  and  electron  traps  which  might  act  as  recombination  centers,  this 
process  cannot  be  discounted. 

The  reduced  quantum  efficiency  for  photocurrents  in  aluminum  oxide  can  be 
explained  with  another  model.  In  this  model,  holes  are  assumed  to  be  immobile, 
and  the  various  electronic  processes  involved  are  illustrated  in  Fig.  9(b). 

The  photocurrent  contribution  results  from  process  a-b,  the  electron-hole  pair 
generation  followed  by  process  a-c,  the  sweepout  of  electrons.  The  reduced 
apparent  quantum  efficiency  for  the  photocurrent  results  from  the  fact  that 
, each  electron-hole  pair  produces  only  a small  fraction  of  an  electronic  charge 

in  the  external  circuit,  that  fraction  being  the  distance  a-c  divided  by  the 
thickness  of  the  oxide.  Continuity  is  maintained  after  some  space  charge 
accumulation  by  the  injection  of  elec'^rons  from  the  silicon,  some  of  which 
annihilates  trapped  holes  by  the  process  h-j-g.  Upon  cessation  of  the  radia- 
tion,  the  only  component  that  disappears  immediately  is  the  component  a-c. 

* The  remaining  processes  such  as  h-j-g  and  h-j-k  contribute  to  the  dark  current 
remaining  when  the  light  is  turned  off.  Note  the  distinction  between  the 
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two  models  In  Fig.  9.  In  both  models,  the  dark  current  is  contributed  by 
an  electron  injection  mechanism  h-j-k,  but  in  the  model  of  Fig.  9(a)  the 
snuiller  photocurrents  are  explained  by  a recombination  mechanism  following 
tlie  electron-hole  pair  generation;  in  Fig.  9(b),  the  smaller  photocurrent 
is  explained  by  the  distance  traveled  by  electrons  in  escaping  from  the  in- 
sulator film.  It  should  be  noted  that  the  model  of  Fig.  9(b),  because  of 
the  shallow  absorption  of  the  vacuum  UV  radiation,  will  always  yield  a quantum 
efficiency  significantly  less  than  100%,  when  the  oxide  thickness  is  much 
greater  than  the  absorption  depth  of  the  radiation.  On  the  othe.r  hand,  the 
model  of  Fig.  9(a)  can  explain  either  a reduced  quantum  efficiency  or  a quantum 
efficiency  approaching  100%,  depending  upon  the  relative  magnitudes  of  the 
generation  process  a-b  and  its  inverse  due  to  recombination.  With  the  present 
experimental  data  on  aluminum  oxide,  it  is  impossible  to  distinguish  between 
the  two  models  since  either  can  explain  the  reduced  quantum  efficiency  observed. 
It  is  important  to  note,  however,  that  in  the  case  of  SiO^  where  the  quantum 
efficiency  approached  100%,  only  the  model  of  Fig.  9(a)  can  explain  the  ex- 
perimental results. 


IV.  CC»ICLUSIONS 
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Radiation-induced  currents  in  aluminum  oxide  using  strongly  absorbed 
vacuum  UV  radiation  have  been  measured.  These  currents  show  behavior  similar 
to  that  which  has  been  observed  previously  in  Si02  films;  namely,  there  is  a 
photocurrent  component  and  a dark  current  component  that  is  apparently  pro- 
duced by  the  tunneling  of  electrons  into  the  film  from  the  silicon  electrode. 
Several  differences  are  noted  between  these  results  and  those  reported  for 
Si02.  First,  the  photocurrent  component  is  much  smaller  than  in  the  case  of 
SIO2,  resulting  in  significantly  less  than  100%  quantum  efficiency.  Secondly, 
the  current  enhancement  mechanism  occurs  with  a much  lower  applied  field  than 
in  the  case  of  Si02.  The  mechanism  for  the  current  enhancement  in  ^2^3 
believed  to  be  the  trapping  of  positive  charge  (holes)  in  the  aluminum  oxide 
film.  Two  possible  models  have  been  presented,  one  in  which  holes  are  mobile 
and  one  in  which  they  are  Immobile.  Either  model  can  explain  the  presently 
observed  experimental  results.  In  either  case,  under  irradiation  the  accumu- 
lation of  positive  charge  in  AI2O2  continues  until  the  interface  field  is 
sufficient  to  produce  tunnel  injection  from  the  silicon.  This  occurs  at  a 
much  lower  field  in  AI2O2  than  in  Si02  owing  to  the  trap-assisted  tunneling 
mechanism  that  has  been  described  previously.  Analyses  of  the  photocurrents 
in  this  experiment  have  shown  that  it  is  not  possible  to  distinguish  between 
a model  in  which  holes  are  immobile  and  the  photocurrent  results  from  merely 
the  sweepout  of  electrons  [as  described  in  Fig.  9(b)]  and  a model  in  which 
holes  are  mobile  and  traverse  the  oxide  [as  in  Fig.  9(a)].  Interpretation  of 
the  results  in  Al20^  are  complicated  by  the  presence  of  large  electron  trapping 
and  the  relatively  low  injection  threshold  for  electrons.  The  presence  of 
both  electron  and  hole  trapping  in  Al20^  and  the  difficulty  in  determining  the 
location  of  the  space  charge  by  etching  techniques  make  it  very  hard  to  dis- 
tinguish between  models  Involving  mobile  holes  and  immobile  holes.  Therefore, 
until  some  new  experimental  techniques  are  developed,  it  appears  impossible  to 
distinguish  between  the  two  models. 
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StATT..E*  -.A 


RUri'Jj  CfMPA'H'.  THL 

ATTN  ijAjIfj  L uyE  M S ^’-75 

P.n.  i'X  37'I7 
SEATTLE.  9ri\2k 


RorT  j j i;.)  1IM-I  y.  T-i*-' 

ATTM  Rl.iA-Fn  ^ w-ll 

p.n,  1 1/  ^7  \ ' 

St.  ATT  .L»  (A 


HUEI'^;  c'3.,,A  I,'.  T.^^ 

ATTN  RJjE'’’  S 'IAl:)  ri_L  ?'f  n > 

P.n.  -»'U  A ' 

$EaTT,E'  4 ®3l,?U 


P0nZ*ALLE,4  A JJ  •FAiIlT.TN.  I jc. 
ATTN  RATtVINJ  j CHRlSyER 
106  AprlE  street 
NEw  SHREwSHURY.  Nj  o77?A 


,C^L^  nJ‘3'3l  ^ I nsTITliTE  up  TEpuNOLDsT 
'aJTN  a •j  STANLEY. 

/T  PROr»ULS*ON  l^rOp'^TUry 


cALlPORiXA  inoTitjte:  nr  rrcHnoLonr 

attn  j unyiEn 

jET  PROPUlSIHR  l.4HHR''TnRv 
• »00  OA»s  PAWk  r,RO,E 
PASAUEnA.  Ca  911u3 


aTtn 

3A10 


jOStPR  rA'JN 
rJnfi^iLL  r'IiilE  /APu 


pASAOEijH.  CA  V1107 


A^.rf)  rEoL'mOR  < SvSTf  <S  '•,>n  I'J 
ATTN  «L  of.  4.,.^.,  i.I  , 72,1 

?oi  L'Jr-Lt.  >tu:et 

u(I  L ' I Nu  T , A 31  ')i7 


*^()h  c T 4E 

ATTN  T 

p n ij  )<  R J74 

A L nN  O'jE  ■<  J ,ir  T iT  E r(  J A T I H'J  ^ 
ALRUNNE*^  J'JE  Fn  671  IP 


rEnD^y  CORPtlPAT  I n j » T hE 
ATTN  DOCU  E jT  CN  IL 
CUMMUYlOATlU'i  nIviSTUN 
EAsT  ji)PpA  N.'lAi)  - TuhSIN 

pAiTintE*  n 'M;>.V4 


pEnd^X  CORpilPAT  I on  » ThE 
ATTN  MAY  FRAtjK 

research  LARTRATilRirs  ;)I  .IsION 
RENOIX  center 
SOuTHFltLO,  'll  aRy76 


RENDIY  CUMPilRATinN,  TtlE 
ATTN  MOH  PP-'iH  [)Ev  NTYALO  j NTPHA'IS 
research  LAunKATflRlrS  nK'ISITN 
rEnOIx  center 

SUuTHntLO.  AF)0Z6 
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pLOPlOA*  OVl  uE  :(SI  T Y tlF 
aTTN  I)  P rF'iVF.ny 
?3l  AF.W'tS^'iiiF  '^Lrl^ 
r,ATNE.S>.>lLLF  • Fi  J?^ll 


r,ENEKAi.  F Lrr.Thlc  C IH^AN  / 

ATTN  lAtlfb  :>  :>P.»ATT 
space  OlwJsFil'^ 

V^LLEy  F i)i<r,E  S;»rtCE  r?-  <Tf  i 
r.OnoAKO  dL/')  kI'i-;  'Ir  P-viSSIA 

p»n.  rjiiA 

PhTLAOELPhIa  oA  19101 


FHANklI  ' I ‘t ->T  I T ,)Tr  ^ T wf 
ATTN  kAiilE  .4  T.)!Ui*>SHN 

20th  street  An  pankwAy 

pF^ILA:)ELPH^  «•  PA  17103 


r.tNERAL  ElEi;TkIc  cHhpa  . • 

ATTN  jiI  <N  .(  f >*  i.  c hE  p S x V |P 

pE-ENTpr  ..  L'j , I diJN  4r'jT.*.(_  SvSTEms  ()I  >; 

P»f).  dll  A 

319R  CHEST, jjT  SlRPET 
PHI  La  OF.  t-PHli . P.A  19101 


GArrETT  C'lR  .’ir(AT  I (i*j 

ATTN  pJdFYT  c iP  iR  dF  pT  R3-9 

p.n,  H,|v  ) 

LOS  AI.lLES.  70009 


r,EMEHAL  ELFLTnIC  C'ImPANv 
ATTN  i-ndE iiE  (^|,I r.T 
t?E  -E  iT  f ^ J , 1 'H  j ,F  •,  T 
P.n,  P,i.<  >'.) 

319*'  CHt.Sfd  |T  srRF^  T 
phiLaOEi-pHi^,  pa  ividl 


L ’ 


/s^r  III 


r.tt'FRAL  DtNhiICS  COPP. 
aTtn  [)  I cr.E  iAn 

FLF  c'^RO'il  CS  ni  V 'IRLA'im  OpFHATlnMS 

p.o.  mx 

) '*  El. 


gEmFPAL  Ei.t-CTRIC  COhPA-Iv 
A TTN  jOoF  ’w  i kE  I Oi. 
nunNA'ic^  ').3TL-iS 
luo  PlApTIcS  - 'E  ..iF. 
PITTSFIEL',  -1.  >1201 


gEnFRAl  FlfcTkIc  company 

ATTN  jiJdN  L A ' I [idE  /iS 

space  OlvISlO'' 

vALLEY  FiIHgE  SPaCF  CEnTFr 

GUoDARq  HL\/l)  ^1N(,  Of  PRUSSIA 

p.n,  on*,  rts^s 

pHiLAOLLPdl  \ P-*  I jll'l 


general  ELFCTyIC  company 
ATtn  oasia.' 

TEhPU-CENTf.k  F')R  AD'/ANCEp  sTijoIFS 
8lA  STATE  SIkcET  (p.O.  nRA.yCH  OO) 
SANTA  HAWdARA,  CA  93l0p 


gEnERAl  ElEcthIc  company 

aTTN  jOaEPH  C pFDEN  CC«-  «301 
SPACE  DIVISION 

v^llEy  forgE  space  cEntfp 

GOnnARi)  bL  I/')  I\ING  UF  PRUSSIA 

P.n.  HOa  H55S 

pHTLAOELpHI\  uA  iRlOl 


general  Electric  cp.mpany 

ATTN  RGYioEu  R RuT.HEPFnPo 
TEmPO-cEnTfr  f(1H  APvANCEp  studies 
8l&  STATE  sTpEET  (p.n.  nRA,.)ER  QQ) 
SANTA  BARiARA.  CA  93lO? 


gEnEral  elecTrIc  company 

ATTN  LARRY  t CHASEn 
space  OlvISMN 

vAllEy  forgE  space  cENTEp 

gOoD^RP  tlL./j  Or  pR'jSSTA 

P.n.  tjnx  tfs'js 
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general  FLFCTmIc  CUmPA’U 
ATTN  m EgoTG 

TEMP[);rENTFd  FpR  Ay.  ANcFn  sTupIES 
PIa  sTaTE  s^rEET  (p.o.  poA  Ep  ,jg^ 
SAnTA  GMR..AWM,  CA  ^3lO-, 


-jEnERAL  ELECT.<IC  CHmPANv 
»TTN  CS*'  L H OEF 
?.o.  yn*  \\2? 

SYRACUSE*  NY  i32.)l 


^,EmErAl  hEsEAkch  cORPOrATIo-y 
A Tin  nA  /I k ijst  as 

ijpt»ATin*^s 


yfSjtiATE  RESEARCH  HARK 
7655  Ol.U  SprI'H(,h[jjSE  rOA 

mCLEAi^'  vA  2^101 


r>  9 


SoITE 


mo 


r.EMEHAL  electric  COmPA'Jv 

ATTN  jUi(N  A ELLERhOrST  E 
AIrCH^fT  EtJiiluE  gRHUP 


2 


, A^«JSpAj.E  (^ORpORA  T T ON 
TN  jERRy  rff’y,ERS  OFpt  53  3 


SOuTh“'o  ySTEk  oAy  RUAO 
BETHPaGE.  NY  11 71  A 


gEnERAI.  EL5-CTR1C  company 
ATTN  >1  J PATTtRsnu  nROr*  ?33 
aErospace  Ei.EcTinHtrS  svsTrM'-, 
PRENCh  Mi'I/!') 

UTTCA*  I35u3 


gTE  S^I/AjIa*  I 'I'. 

ATTN  lEunArii  l •‘LAISUPll 
ElEc^RT'^TcS  SoTEmS  r,RD-Ca<;Tt!J  V o I , 
77  A STREET 
nEEONAM*  ««  )2i-f<4 


gEnERbL  tI.ECTRIC  CUmpA'O 
AlTN  CH**  -^L^S  11  mE  I S'’'*' 
aerospace  llECTkUUCS  SYSTEMS 

TMENCU  !<fJAf) 

UTlCA*  Nv  n5.j3 


gTE  syl  ; a j [ a , 

ATTN  CMAR,.r5 


ELEcTRfHIcS  S 
77  A STtEEr 


- T HflR'iril  LL  I P 
fSTtriS  r,KP-f  AsTr^'J 


A V 

n r 


nCEOHAm*  16  J2l9a 


gEnERAl  ELEi'.TkIc  COmPAN/ 
ATTn  I'lA.'Ii)  M PEpiN  oKOP  160 
p.n.  hOx  ^OOU 

BlNGHAMT.'m*  '1^  130'i? 


(jEnEral  ElEcTkIc  cnHP^i'''^"'’’^MPn 
ATTN  .^iLLiAU  ALEnuTr 

ATTNJ  OASlAi; 

C/0  deelnje  nuclear  agency 
>^ASHlN,,Tf)N,  nc  2->305 


general  research  corooration 
ATTN  ROoERT  0 MILL 
P.n.  t3U<  3557 
jAnTA  MaR^>ARA»  CA  93105 


GTE  SYLYANIa.  IrjC. 

ATTtJ  JA'iES  A •»aloOj 
FLECTRUMICS  systems  GRO-E  A«;TE  k'J  r,(  , 
77  A STREET 
nEEOHAM.  'A  21RA 


GTE  SyL’/ANIA,  Ikc. 

ATTN  Paul  H ^ mE()R  i Oi'SO.N 
169  1 street 

NLFDHA-i  heights.  a OPlvA 


gtf  sYlvania.  Inc, 

ATTN  H i,  iRiJilP  mArTiJ  a NiiRlfURA 

169  M Sll'ElI 

mEedmah  he  I '(iJ  r 1 . 
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■A  U2190 


GTF  SYl.VAiilu.  r»C. 

ATTN  A 

189  H SI  9F  ft 

nEEDHA^  Hf.JvjMTS*  iA  02!9'i 


hONEYjFll  I 

ATTN  Hi)UAL(i  w iUhNSOn 

TjOvERNm^-nT  a F.  ^nw  a ijT  T r a I 

pHnpucT  j ui  I jI  rtfj 
26fl0  «u<r,L^-v  A'Ahi^i^AV 
mI  NNLm  ptJLl  S.  'Ill  '■'Sal  3 


<;TE  SYl  'AM  <. , I ^ 

ATTN  ch>«NLEj  h PAmS  OTTn.' 
189  ft  STi^LET 

nEEOHAm  hEK.mTS*  -a  0?19A 


mOnEv.-Ell  l a" 

ATTN  W j kF  LL 

(ju>/i  pniiLnt  ir  ii) 


raMMATE  t, 

KS  s2S7? 

AF  KHNAdTI rAi 


pRnnucTs  oivisidu 
2600  RIUGE*KkY  parkway 
mI  NNE  A PLIL  I 5 * '1**  8S<»l3 


iNdnb^KlES*  T^'. 
ATTn  C Vi'i  a,'',’ LT  !c  s m 
ENr,I NLt: kL i,  ill  .IT  I nl 
130A1  CLPISL  ^vF.'JJL 
MAwTHf)KNE»  CA  90250 


uUNt  Y«(I.LL,  rio'JhpCRATEf) 

47  TN  HA»/PiSO\  t,  N'laE  ' 5 72S»!>‘, 

aE  ROSPAOf  ( f 1 : V f fli.' 

1 3 35<'  'i . S . H T ..  I /if  1 '' 

ST,  PETt-ftb  fj,  337?  < 


mArpIS  i-nR;.  ipATIfiR 
ATTN  T L h S 

M^RPlS  sP,,If.7a)uclfi'’  1)1  wis’d*' 

P>n.  80 A 'J'^3 
mEl^OUkkP  » ft  3?V  •! 


mOnE  Yh,F  LL  1 Iic.)n  pnwA  TF  ii 
ATTN  M S 72S"  b^ACPY  I*  r. v'-ff 
aE  wOSpA if  r>i  • >1  . 

13350  u.  S.  1^1  >*'  A Y 1 7 
sT,  pF  TLno.ai- fl 


hArrIS  tOdpiii^i  r 1 Of) 

ATTN  CAKp  f i)A„TS  .,S  17-220 
HARRIS  GEmI  C'^'a'UcTOR  OIv/TSIOn 
PfO.  ritiA  rtq  3 
MELROuHNF:»  ri  329ol 


hOnF  y f ll  I'ailKuijRAfEj. 

at  TO  1E  oh’ I 0*1.  lIh^AKv 
rAoIATIU'J  rl  iTLp 
2 rOR.tEb  pnir. 
LEvINr.Tl'N*  A 02173 


hArpIS  CdWPiiPttT  I ;i  I 
ATTfi  AYnE  f iHA-ff  <.<5  16-111 
HARRIS  St  fij  (_n„  l'OCTI’P  'iIi^lSll'M 
P.n.  HOa  6A3 
MELBI’0K"E*  PL  32901 


(^EnTInFLA  Ai;'i  TEAlE 
CULVER  ClTv,  Oft  90230 


«;  ,^-r-lio 


hA^ElI’II'I  r,i'i"=’(.RAT  I rv. 

ATTN  TLLh  IiiFU  CTR  m .AItF 

pULAS'-I  RUi 

green  l8-iN,  gv  IITAO 


HUr,HfS  aT^CIaIT  Cfif'PAL' 

ATTN  OAN  (sTmoEK  ms  6-0U7 
E M T I Uf  L A A ! 1^  T F /i  0 r 

culver  LIFYi  V0230 
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rHUftWES  *.lKr<  ipT  CUMpAMy 

ATT^  .r.l'NtTt,  t<  wA(_i:rf<  i ^ ttlS^ 
cEMTifiLLA  ft..  TEalF 
culver  tPr*  Of  i'll' 

I 


- HUr.HES  AlKcKAfl  >. 

’ P.rj.  HP>  9?V!9 
LOS  Aiir,Ht£»  LA 


MUr.Hf  S Allf;l  l.f1  C,llMpA'.  N 
ATtn  rlLLlti.  ».  SCUTT  »*S 
space  S>  S^Ft  > I'l-.'I  >ti)i 

p.r.  H(i> 

LOS  Af".t  LF  S*  L^  ooonQ 


! j,M  CUKF  0^  ATI  uL 
ATTf'  ^ F A.,^  f >At  ^ fi  ,^,y  i 

POijTF.  \ f’ 
n^EGD'  !'v  iJb?/ 


JUM  CUP'  Of'AT  Ii;N 

ATTN  HARKl  HATmEKS  t'FpT  mA  1 

route 

n/»EGP*  UY  1J027 


ION  PHvSlCS  CUHpPmATIu^' 
-ATTN  RObERT  0 EvAnS 
SOuTh  hEoFORI  STkfFT 
RURLINGTON.  **A  01803 


TRT  cORRO*^*^1uI. 

ATTN  rcc 
P.0»  boa  «1o87 
iSAN  DlfOn*  CA  92138 


vAmAN  r>c.  I Ei'(^  f :>  rUh, popAT  T ifv 
ATTN  AL-E»'T  I'  mMI/oES 
p.  n.  bu-'  7i.AJ 
CUlOW^'UI-  Spr  I ''gS*  r(t  80913 


Sc  CO*<POk'^T  I f'h 

ATTN  ..ALTEk  F ■ AkF 
P.  n«  BUY  7uhi 
CUlORAOI-  5>pf  INGS.  CO  H0Q13 


LITTON  b ySU  -0  . IMC  . 

ATTN  jUhK  P -vET^LEA' 
r.UIDANCt  (.  ■''  ■'Kfi.  Sv'^TF-.-S  I'T 
5500  CA'  n.i*.  ‘ I ' uL 
i^unnLANii  Hii  Lb»  c A 0 13^/1 


L I TTON  S ySTF  ' ■> . 1 ic  , 

A TTN  V At  J A S'- A > ^ S * 7 

r,UTD‘OCE  c"  ■'‘•"L  ‘^YS'F.’S  '■'T  ISTHn 

5500  CA'<i  >A 

Wi'HOLANL'  ‘'ILl.>*  '-Jli'''! 

i' 

i 

I 

} 

LOCkHEEi'  r'lSSlLF.S  SpftcE  CO  T'"'  \ 

ftlTM  I'F^T  ''J'p’  G H 

P.n.  80a  5'}i. 

SUWNYvALE*  f,A  P/j.'.'-'rt 


LUcKhEEu  hlb^ilLFS  K SpAc^  oO  TNj; 
ATTN  OEuoGC  r heath  fV«l-lA 
P.n*  bO'^  50h 
SUNNYVALE*  CA  9A0A0 


LOckhEEU  yilbSlLFS  , SjAfP  IN(^ 
ATTN  En.,lN  A SmTTh  nFpT  ,5.^5 
P*n*  BOX  !><'a 
SUNNyvALE*  rA  9aCoo 
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^^ApTIn  nA>»?fT1»*  AF|(nSp''r^ 

&TTN  wnwA  c f.K'rriTM  l’h  •<r-‘'o 

ORlANDP  I;1  VI  SU'  i 

p.r«  bha 

OHlANOU*  K 


^ApTlN  ,A^lfTtM  aE  f.'" 

ATTN  .iLLlAf  MRAS  MP«<iU 

nRL^^'DB  U*  Sl  ON 
p.n.  Nnx  B&37 
ORlANOO*  ft  3«i3()5 


mArTU,  I'Af  lLTTA  ALkOS'^CF 
aTtn  jAcf'  *•  AStiropn  (ip-5'»^ 
n«L  '1 1 ’Si  ^'4 

P»Ot  fN»  SA.i7 
ORLANLm)'  ' L 3iift  )b 


LUc'^hLUi  iISSiLfS  ^ Sry^c.f  fii  TK«r 
ATTN  L Knss;  NCpT 
P.n.  tn-.  'Jit. 

SONNYvALE*  la  VAU80 


LUC^Nffi;  'll.'Sll.rs  ^ SpAfP  rO  INr 
ATTN  PhIlIp  ,j  hA«T  nEPT  r’_1A 
P.n.  Lifix 

SUNNYvALf  • CA  9/1088 


LOcKHLtu  -jssiLfS  n SpAcr  rH  ir-'c 

ATTN  HENjahI.j  t MPii^'A  iiPPr 

p»n#  bf'X  bo** 

SUNNYvALF*  <,i4Uhti 


mArTIn  iiAnlf-TTA  c 0I-!p0«''T  1 IIM 
ATTN  pAoL  r,  .ASE  i^ATL 
nE^JvE^  ' I 1.  ’ M I'*; 

P.n.  F>  ,j  X I y, 

^E^4VEW.  C > 'i'.'ii'Jl 


mArTIN  I'.AnlETTA  CnRPnnATinN 

aTTN  HTBPARPh  LIo  ,i»  y R »'CkEE 

oEn  vER  L>1  V I oT  I)N 

P.n.  Box  179 

OtNvEK*  CU  HniiOl 


mArTIN  marietta  CnPaORATinM 
ATTN  t‘EN  T nrAhAm  mS  P0-a3« 
oEnvEm  division 
P.n.  BOX  !79 
DENVER*  CO  83201 


LOckHEFO  'ISSiLFS  AMf  Sp.*.cP  pfiMpA^' 

ATTN  Tfth  Ii.n.  rTP  P/C^LL 
3251  nAfiG  Ff'  SThfET 
pAlO  ALlP*  (A  94jnt. 


LTy  AEROSpAiE  C Fh jiHr AT  1 nx 
ATTN  TEtHMfAL  f;ATA  lEMFA 
^OughT  SySTlnS  pJylsIflN 
P.n.  BPx 

OAlLAS*  Tx  ^•’22? 


L^v  AErUSPAcF  COKpriRATTON 
ATTN  TECHilIcAL  DATA  CTK 

P.n.  bnx  i>9l;7 
DALLAS*  T*  7522? 


mArTIN  MA/TETTA  CORpOrATTO^  M.I.T,  LINcOlD  LAMOPATfiPy 

AITN  J t-  GnjOwlN  mail  OAS?  (iinCL  ONLY^  ATTN  Lf  L'NA  I OUNhi.T  N LImRARIAn  A-0o2 

oEnvEb  oIvIsiun  P.n.  on*  73 

p.n.  BOX  179  LEyiNGTUN*  HA  02173 

OENvER*  CO  60201 
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mITrE  ThE 

4TTN  library 

p.n.  «n*  2pH 

BEOFUMO*  ha  01730 


.national  AcAoLhv  Of  SCIF^C*■S 
ATTN  H 5>  ShAnE  NAT  mATErIAiS  AQvSY 
ATTN|  national  materials  An^ISUPy  ROA 
2101  CONSTITiiTInw  AvEnijE 
wASHINgION.  DC  20A18 


nEw  HExICU*  UhIvErsTTy  of 

ATTN  ^ ^ LRANNEp,AnN  CIHClASS  ONLy) 

r»EpT.  (U  campus  security  Ann  pplicE 

1821  RQ’A  N.r, 

ALRUqUCRoUE  » T ^7106 


norThkHm  cORp'Jrati nu 
ATTN  hUyCE  T Ahlo'JRT 
E lE  Ri1’^  C ul  .-I  Si  UN 
1 RESEAICH  sank 

pAlOS  wEruFs  mEnInSiiLA*  cA  9027a 


NOrThrOp  CORpuRATIon 
ATTN  JOHN  M kEYijOLOS 
FLEcTRiiNIC  Oli/ISliJN 
1 RESEARCH  RAR;i 

pAlOS  >/Er,)ES  pEnINSiiLA*  c'  90274 


NOrThhTP  (JORpJP*EIon 
ATTM  \ilMrcnT  R .-jEMApTlNn 

1 PESEARCH  PAR< 

pAlOS  vEROES  peninsula.  CA  9027A 


NORTHROP  CORMJHATnj'J 
ATTN  uEURt3E  M TO-.NER 

flecthuhic  i>It/I.Sn< 

1 RESEaKCH  park 

PAlOS  vEHOES  peninsula.  '•»  9027a 


nCnONNCl.L  DOUGLAS  CORPORATION 
ATTN  TECHNICAL  LlRRAPY 
POST  OFFICE  RC.X  S16 
Sl.  LOuIS»  MISSOUPI  6316(S 


mCdONNEI-L  D!)i).,LAS  cnPiiORATTOU 
ATTN  To  EndE  < 

pOst  oft  Ice  ju < si6 
S’.  LOu^S*  JSSOurI  63U6 


MCnONNFLL  dUUi,L*S  CORpOrATToN 
ATTN  STmnlEy  SCHNEIoEr 
5301  BOLSrt  a tNUE 
HUNTInGUjU  .jfACH.  CA  9P6AT 


mcdONnEll  n.:uv,L'*s  ■ on 

ATTN  TECHNtcal  LIRRARv*  rl"29»/35-flfl 
3855  L^^E«ijUT  ^CIijlE 
LONG  UEMfH,  C'«  90P«K 


mISSION  research  cfPpOPATION 

ATTN  rtILLlAii  C hart 
735  STATE  sTrEET 

SAnTA  rmRrara.  ca  93101 


mission  rEsLarcH  CURpOpATION-SAN  oTEfiO 
ATTN  V a j van  lINT 
7650  C0N«UY  ruURT 
SAN  OTE^n.  CA  92111 
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